Vertical integration of the broiler industry allows producers to combine different biosecurity and sanitation practices, housing technologies, and feeding regimens to improve food safety. The objectives of this study were to determine the antimicrobial resistance pattern of β-lactamase-producing E. coli and to compare the characteristics of E. coli recovered from 7 different integrated broiler operations in South Korea. Among 200 chicken meat samples, 101 were observed to be positive for E. coli. However, the prevalence varied from 37.5% to 75.0% in chicken meats from different operations, indicating variation in E. coli occurrence among the operations. Among 101 isolated E. coli from chicken meat, 59 were identified third-generation cephalosporin-resistant E. coli and recovered from 7 different operations. A high proportion of the E. coli isolates were resistant to penicillins (89.8%), quinolones (81.4%). Among 59 third-generation cephalosporinresistant E. coli isolates, 29 showed phenotypic and genotypic characteristics of β-lactamase-producing E. coli. Prevalence of bla gene, bla CTX-M-1 , bla CTX-M-14, bla CMY-2 , and bla TEM-1, were identified in 2, 4, 8, and 16 E. coli isolates respectively and only one E. coli had both genes, bla TEM-1 and bla CTX-M-1 . Pulsed-field gel electrophoresis (PFGE) analysis was performed on 29 β-lactamase-producing E. coli isolates. In PFGE, E. coli included 7 PFGE patterns showing the same operation and an accorded both resistance to β-lactam antibiotics and presence of the bla-gene. Our findings suggest that E. coli with resistance to third-generation cephalosporins can now be found in association with integrated broiler operations, providing the data to support the development of monitoring and preventing program in integrated operations.
INTRODUCTION
Escherichia coli (E. coli) are ubiquitous bacteria found in the environment, foods, and the intestines of humans and animals. Even though commensal E. coli are usually non-pathogenic, it is one of the most opportunistic pathogens and is responsible for a wide range of infections (Mellata, 2013) . In particular, concern has been raised that commensal E. coli in animals may serve as a reservoir of resistance determinants that could be transferred to pathogenic bacteria in either humans or animals (Szmolka and Nagy, 2013) .
A large number of antimicrobials are used in modern food animal production including broiler pro-duction, resulting in the emergence of antimicrobial resistance, which is a cause of concern worldwide (Silbergeld et al., 2008; Aarestrup et al., 2008) . In recent years, clinical isolates including E. coli isolates of animal origin, have shown multi-drug resistance (Dolejská et al., 2008; Rzewuska et al., 2015) . Antibiotic resistance rates in E. coli are rapidly rising, especially with regard to fluoroquinolones, and third and fourthgeneration cephalosporins (Kim et al., 2017) .
Beta-lactam antibiotics are widely used for treatment of bacterial infections in humans and also in veterinary medicine (Moulin et al., 2008) . Extendedspectrum β-lactamase (ESBL) and plasmid-mediated AmpC β-lactamases are plasmid-encoded enzymes, which are capable of inactivating a large number of β-lactam antibiotics, including extended-spectrum and very-broad-spectrum cephalosporins. E. coli that produce ESBL and/or pAmpC β-lactamases have been of particular concern because of their implications 2871 for both human and food animal health (Livermore, 2012) . These strains encode β-lactamases that mediate resistance to β-lactam antimicrobials including penicillins and extended-spectrum cephalosporins such as third and fourth-generation cephalosporins (Carattoli, 2009) .
The broiler chicken industry operates largely through vertical integration, with company ownership of breeding farms, multiplication farms, hatcheries, feed mills, some broiler growing farms and processing plants. In South Korea, several large integrated companies supply about 80% of marketed broiler chickens (KAPE, 2015) . The livestock on the integrated farms, which includes chicken, is reared intensively, and antimicrobial agents are used as growth promoters and for prophylactic and therapeutic treatment. The Korea Animal Health Products Association reported that around 1500 tons of antimicrobials were sold each year during [2003] [2004] [2005] [2006] [2007] , but less than 1000 tons were sold for the four consecutive years from 2011 to 2015. However, the sales of cephalosporins have increased by five-fold from 2007 to 2015 (QIA, 2015) . The objectives of this study were to determine the antimicrobial resistance pattern of β-lactamase-producing E. coli and to compare the characteristics of E. coli recovered from 7 different integrated broiler operations in South Korea.
MATERIALS AND METHODS

Bacterial Isolation
A total of 200 chicken meats were collected at 4 retail markets visiting 3 or more times during the year 2016. These meats were produced by 50 broiler farms and divided into 7 different integrated broiler operations which supplied about 80% of the broiler chickens in South Korea. Four meats from each farm origin were sampled and tested for this study. Each meat was aseptically placed into a vacuum bag (Sealed Air, Elmwood Park, NJ, USA), and 400 mL of sterile buffered peptone water (BD Biosciences, Sparks, MD, USA) was added. The bag was shaken 50 times, and approximately 25 mL of meat rinse was added to 225 mL of mEC (Merck, Darmstadt, Germany) and incubated at 37
• C for 20-24 hours. After enrichment, mEC (Merck) was streaked onto MacConkey agar (BD) plates and incubated at 37
• C for 24 hours. Two typical colonies from a single meat sample were selected. If two isolates from the same origin showed the same antimicrobial susceptibility patterns, only one isolate was randomly chosen and included in this study.
Antimicrobial Susceptibility Test
All E. coli isolates were investigated for their antimicrobial resistance with the disc diffusion test using the following discs (BD): amoxicillin-clavulanate (20/10 μg), ampicillin (10 μg), cefadroxil (CFR, 30 μg), 
Detection of β-Lactamase-Encoding Genes
PCR amplification was conducted with primers for bla CTX-M (Pitout et al., 2004) , bla TEM (Briñas et al., 2002) , bla SHV (Briñas et al., 2002) , bla OXA (Briñas et al., 2002) , and pAmpC β-lactamase genes (Pérez-Pérez and Hanson, 2002) (Table 1) . PCR products were sequenced with an automatic sequencer (Cosmogenetech, Seoul, Korea). The sequences were confirmed to those in the GenBank nucleotide database using the Basic Local Alignment Search Tool (BLAST) program available through the National Center for Biotechnology Information website (http://www.ncbi.nlm. nih.gov/BLAST).
Conjugation Assay
To determine the transferability of β-lactamase resistance genes, conjugation assays were performed by using the broth mating method, and E. coli J53 was used as the recipient as previously described in Tamang et al. (2012) . Transconjugants were selected on MacConkey agar (BD) plates containing sodium azide (100 μg/mL; Sigma, ST Louis, MO, USA) and cefotaxime (2 μg/mL). All transconjugants were tested for antimicrobial susceptibility and the presence of β-lactamase genes, as described above.
Pulsed-field Gel Electrophoresis (PFGE)
PFGE analysis was performed on 29 β-lactamaseproducing E. coli isolates by digesting genomic DNA using the XbaI (Takara Bio Inc., Shiga, Japan) enzyme according to a standard protocol from the Center for Disease Control and Prevention (CDC), using a CHEF-MAPPER apparatus (Bio-Rad Laboratories, Hercules, CA), as previously described (Liu et al., 2007) . Analysis of gel images was performed using InfoQuest FP software ver. 4.5 (Bio-Rad). The dice coefficient was used for similarity calculation, and the similarity matrix was expressed graphically by an unweighted average linkage (UPGMA).
RESULTS
Prevalence of E. coli
The prevalence of E. coli in the chicken meat collected from retail markets is shown in Table 2 . Among the 200 chicken meat samples, 101 (50.5%) were observed to be positive for E. coli. Among the meats originating from 7 integrated broiler chicken operations, meats from operations F and G had the highest prevalence of E. coli (75%, 9 of 12 samples), and operation D showed the lowest prevalence (37.5%, 12 of 32 samples).
Distribution of Antimicrobial Resistance
The distribution of cephalosporins-resistant and multi-drug resistant E. coli is shown in Figure 1 . CFR, CL, CZ, and CF were first-generation cephalosporins, FOX and CXM were second-generation cephalosporins, CTX, CVN, CAZ, and EFT were third-generation cephalosporins and FEP was fourthgeneration cephalosporins. E. coli from the 7 integrated broiler chicken operations showed resistance to first-, second-, and third-generation cephalosporins, with ranges of 62.5% to 100%, 0% to 31.2%, and 18.7% to 68.7%, respectively. Moreover, resistance to fourthgeneration cephalosporins was observed only in E. coli originating from the operation B (4.8%). Multi-drug resistance was observed in all E. coli, without any differences based on the operation showed, with the high proportion of 75.5% to 100%.
Characteristics of Third -Generation Cephalosporins-Resistant E. coli
The characteristics of 59 third-generation cephalosporin-resistant E. coli is shown in Table 3 . Among the 7 integrated broiler operations, thirdgeneration cephalosporin-resistant E. coli isolates from operation G had the highest prevalence (68.8%, 11 of 16 samples), and operation F showed the lowest prevalence (18.8%, 3 of 16 samples). All isolates showed first-generation cephalosporin-resistance and multidrug resistance against 3-9 classes of antimicrobial agents tested in this study. Resistance against noncephalosporins antimicrobial classes were as follows: penicillins (89.8%), quinolones (81.4%), folate pathway inhibitors (74.6%), β-lactam/β-lactamase inhibitor combinations (69.5%), fluoroquinolones (66.1%), tetracyclines (61.0%), phenicols (57.6%), carbapenems (45.8%), and aminoglycoside (27.1%).
Characteristics of β-Lactamase-Producing E. coli
The phenotypic and genotypic characteristics of the 29 β-lactamase-producing E. coli among the 59 thirdgeneration cephalosporin-resistant E. coli are shown in Table 4 . A total of 14 E. coli were designated as ESBL and pAmpC producers. Two ESBL genes, bla CTX-M-1 and bla CTX-M-14, were identified in 2 and 4 E. coli isolates, respectively. One pAmpC β-lactamase gene, bla CMY-2 , was present in 8 E. coli. Additionally, a non-ESBL/pAmpC gene, bla TEM-1 , was found in 16 E. coli. Only one isolate among the 29 E. coli had both genes, bla TEM-1 and bla CTX-M-1 . In transferability, only 10 transconjugants (34.5%) showed a transferability with bla CTX-M-1 , bla CTX-M-14 and bla CMY-2 genes and similar resistance to cephalosporins.
PFGE Analysis
The epidemiological genetic relationships of the 29 β-lactamase-producing E. coli are shown in Figure 2 . Among the 21 PFGE patterns (PT001 to PT021) divided by 85% similarity, E. coli included 7 PFGE patterns (PT003, PT005, PT008, PT014, PT016, PT017, and PT018) showing the same operation and accorded both resistance to β-lactam antibiotics and presence of the bla-gene.
DISCUSSION
The poultry industry is a vertically integrated production, processing and distribution system, and vertical integration of the broiler industry allows producers to combine different biosecurity and sanitation practices, housing technologies and feeding regimens to improve food safety. Research on antimicrobial use and resistance in integrated operation in South Korea remains a relatively new field. However, further research is urgently needed given the projected large-scale increase in poultry production and antimicrobial use in the poultry sector (Van Boeckel et al., 2015) .
The present study indicates that the prevalence of E. coli in chicken meats from 7 different integrated practices during 2016 was 50.5%. However, E. coli prevalence in chicken meat varied from 37.5 to 75.0%, revealing that variation in E. coli levels occurs among the different operations. Although there was a difference in the sample size number, the prevalence of E. coli might be associated with differences in the hygiene and sanitation levels of each operation. In previous studies, the frequency of E. coli in chicken meats was found to be 77.8% in South Korea, 31.3% in Brazil, and 38.7% in USA (Zhao et woo, 2016). The number of E. coli isolates obtained in this study was higher than in the other countries, and this difference may also have resulted from the production techniques used, as well as in personal hygiene, slaughterhouse hygiene, and other practices through to the food chain. Cephalosporins are antibiotics classified by the World Health Organization as "critically important in human medicine" owing to their importance for treating infections caused by Campylobacter, Salmonella and E. coli (WHO, 2015) . In this study, 157 E. coli isolates were obtained from 7 different operation systems and evaluated for their resistance to cephalosporins. The first-generation cephalosporins showed a resistance range from 62.5% to 100%, whereas the secondand third-generation cephalosporins were from 0% to 31.2% and 18.7% to 68.7%, respectively. In general, cephalosporins resistance occurs when bacteria change in response to the use of these medicines (Juayang et al., 2015) . This study indicates that mass medication with cephalosporins has been continuously used in operations in South Korea, and therefore, similar to the other countries, regulation on the use of cephalosporins in livestock is required in South Korea Schmidt, 2012) . According to the annual report by the European Antimicrobial Resistance Surveillance System, the prevalence concerning third-generation cephalosporins resistance has recently increased (ECDC, 2014) . Since the introduction of third-generation cephalosporin, a large number of ESBL and pAmpC β-lactamase producers have emerged in gram-negative bacteria, particularly in Enterobacteriaceae such as E. coli. In Japan, the distribution of CTX-M type ESBL in E. coli isolated from broilers was reported (Ishiguro et al., 2010; Hiroi et al., 2011; Hiroi et al., 2012) , and pAmpC β-lactamase, especially CMY-2-type, has also been detected (Ahmed et al., 2009; Kojima et al., 2009; Asai et al., 2011) . In Europe, CTX-M type ESBL as well as plasmid-mediated CMY-2 pAmpC β-lactamases have been detected in cephalosporin-resistant E. coli from broiler chickens and their products (Smet et al., 2008; Bergenholtz et al., 2009) . In this study, two different CTX-M types, bla CTX-M-1 and bla , and one pAmpC β-lactamase gene, bla CMY-2 , were detected. CTX-M-1, in particular, was observed in 2 E. coli cultures and had never previously been identified in chicken meats from South Korea, although it has been documented in other livestock (Lee et al., 2009; Kang et al., 2013b; Tamang et al., 2013) . However, CTX-M-1 is the major CTX-M type among Enterobacteriaceae isolates from chicken meat in the European countries such as France (Casella et al., 2017) , Germany (Kola et al., 2012) , and the Netherlands (Overdevest et al., 2011) ; therefore, it is expected to be continuously reported in South Korea in the future. CTX-M-14 found in this study has previously been observed in E. coli isolated from livestock, including in the South Korean chicken industry (Tamang et al., 2014; Jo and woo, 2016; Shin et al., 2017) , and from healthy food animals in Hong Kong (Ho et al., 2011) and China (Zheng et al., 2012) , as well as from pets in China (Sun et al., 2010) . The other enzyme conferring β-lactam resistance detected in 26% of isolates tested in this study was a TEM-1 gene. The TEM-1 gene was previously identified in clinical E. coli isolates from companion animals in Europe (Féria et al., 2002; Costa et al., 2006; Pomba et al., 2009) . In this study, ESBL and pAmpC β-lactamase genes were detected in E. coli from 4 operations, and these isolates also showed higher levels of resistance to cephalosporins and multi-drug resistance than that in other E. coli cultures. This is consistent with previous studies that ESBL and pAmpC β-lactamase genes increase resistance to cephalosporin and cause multidrug resistance (Zhao et al., 2001b; Liu et al., 2013; Mehdipour et al., 2015) .
In this study, transconjugants expressed similar resistance patterns to first-, second-, and third-generation cephalosporins and revealed the presence of bla CTX-M-1, bla CTX-M-14 , and bla CMY-2 . This is also consistent with a previous study that transconjugants have the same genes and similar antibiotic resistance patterns of the donor strains (Shaheen et al., 2011) . It indicates that the high rate occurrence of E. coli harboring bla CTX-M-1 , bla CTX-M-14 , and bla CMY-2 in poultry and their food products can contribute to the transmission of these genes to humans. PFGE is a useful method for characterization of epidemiologically unrelated bacterial strains (Arbeit et al., 1990) . In this study, E. coli included 7 PFGE patterns showing the same operation and an accorded both resistance to β-lactam antibiotics and presence of the bla-gene. It indicates that the dissemination of the bla CTX-M , bla TEM-1 , and bla CMY-2 genes in E. coli isolates from integrated broiler operations may mainly result from horizontal transmission as suggest in previous studies (Tamang et al., 2014; Jo and woo, 2016) .
In South Korea, ESBL-producing E. coli has been increasingly recognized as a cause of communityonset infections, and the proportion of ESBL producers continues to increase in patients at both secondary-and tertiary-care hospitals Kang et al., 2013a) . For example, Lee at al. (Lee et al., 2014) reported the rate of third-generation cephalosporin-resistance among E. coli and K. pneumoniae causing community-onset bacteremia at a secondary-care hospital. These studies support the hypothesis that bacterial pathogens, including resistant isolates, can be transmitted from chicken meat to humans (Thorsteinsdottir et al., 2010; Vincent et al., 2010; Overdevest et al. 2011 ). To our best knowledge, this study is the first to investigate the characteristics of third-generation cephalosporin-resistant E. coli isolates from different integrated chicken operations in South Korea. Our findings suggest that E. coli with resistance to third-generation cephalosporins can now be found in association with integrated broiler operations, providing the data to support the development of monitoring and preventing program in integrated operations.
